Introduction
Glioma is a devastating disease with short survival and poor response to chemotherapeutic drug intervention. The reasons for the poor efficacy of these agents include the blood-brain barrier, which forms a pharmacological sanctuary, the heterogeneity of glioma and selection of chemotherapy-resistant clones and its low immunogenicity. 1 It is clear that new therapeutic strategies are needed for treatment of this devastating tumor. 2, 3 Glioma is a disease of multiple genes. Thus, theoretically, they could be treated by targeting their fundamental molecular defects. 4 The aim of gene therapy in general is to reestablish an abnormal cellular function through transfer of genetic material to cells. The ability to transfer exogenous genes to cancer cells through viral vectors has yielded a wealth of information with regard to the neoplastic processes that occur at molecular and cellular levels. The replacement of defective tumor suppressor genes such as p53, p16, Rb and PTEN/MMAC1 has greatly enhanced our understanding of the molecular mechanisms of cancer and has contributed to diagnosis, prognosis and therapy. 5 The transfer of apoptosisinducing genes to tumors is one promising strategy for cancer gene therapy. In vitro and in vivo (nude mice) transfer of exogenous E2F-1 protein by an adenovirus vector precipitated generalized apoptosis in gliomas. 6 As noted earlier, a number of key technical issues needed to be successfully addressed such as efficient gene delivery and cell transplantation techniques before the application of gene therapy in the clinic. 7 One of the major obstacles in transferring gene therapy from the laboratory to the patient is that an acceptable vector system has not yet been created. The ideal vector would be administered systemically transducing most of the affected cells sparing the normal tissue. 8 Other significant obstacles are immune reactions against the vectors and transgenes, which may limit their repeated administration, and inappropriate insertion of vectors and transgenes that can cause host DNA mutations or deletions leading to malignant transformation. Such an example consists of the development of hepatocellular carcinoma in mice after administration of an adeno-associated virus expressing b-glucuronidase, raising concerns over the clinical use of such vectors. 9 Moreover, results in animal models are often unreliable, because viruses that may be effective in animals may be ineffective in humans and the opposite. In this review, we will outline the new therapeutic strategies that may offer an advantage to currently employed standard therapies for glioma in the future.
Non-proliferating viruses
Genes encoding proteins that control cell cycle progression and apoptosis are frequently altered in gliomas. 10 Thus theoretically, replacement of abnormal genes with their wild-type counterparts could adjust cell cycle function and inhibit uncontrolled proliferation of tumor cells ( Table 1 ). The transfer of normal genes to gliomas could be attained using retroviruses or adenoviruses as delivery vehicles (Figure 1 ). Cells synchronized in the G1-S phase are highly radiosensitive. In vitro G1 cell cycle arrest induced by adenovirus-mediated p16 gene transfer showed enhanced radiation-induced cell killing by a possibly non-apoptotic mechanism, 11 and restoration of the wild-type p16 activity into p16-null SNB19 glioma cells significantly inhibited tumor-cell invasion. 12 Similarly, downregulation of integrin a(v)b (3) expression and integrin-mediated signaling in glioma cells by adenovirus-mediated transfer of antisense urokinase-type plasminogen activator receptor and sense p16 genes resulted in decreased integrin-mediated biological effects, including adhesion, migration, proliferation and survival, supporting the therapeutic potential of simultaneously targeting urokinase-type plasminogen activator receptor and p16 in gliomas. 13, 14 However, G1 cell arrest induced by p16 gene transfer in glioma cells resulted in chemoresistance to some cytocidal drugs such as cisplatin or ACNU that require Figure 1 Examples of retrovirus-mediated or non-replicating adenovirus-mediated gene transfer to cancer cells. In the retrovirus-mediated gene transfer, a brain tumor (box) is injected stereotactically with transporter cells that contain the retroviral construct carrying a gene that needs to be expressed into the tumor cells. Upon injection into the tumor, the transporter cells release the retrovirus, which is inserted into the cellular genome resulting in long expression of the gene of interest. Such an uncontrolled insertion can sometimes result in insertional mutations. In the case of the non-replicating adenovirus-mediated gene transfer, direct injection of the concentrated viral particles carrying the gene of interest result in episomal localization of the virus and transient expression of the transferred gene.
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Viruses, gene therapy and stem cells AP Kyritsis et al cycling cells to be effective. 15 Similar results were noted with paclitaxel and topotecan. 16 Employment of replication-deficient adenoviruses to transfer exogenous p53 and p21 into glioma cells induced apoptosis in p53 mutant cells, but overexpression of p21 had an opposite effect and induced resistance to treatments that induce apoptosis. 17 Vectors derived from serotype 5 adenoviruses (Ad5) provide inefficient infection of glioma cells because of limited cell surface expression of the primary adenovirus receptor (Coxsackie-adenovirus receptor) on tumor cells. To overcome this limitation, Ad5 has been modified by genetic replacement of either the entire fiber or fiber knob domain with its structural counterpart from other Ad serotypes that recognized cellular receptors other than Coxsackie-adenovirus receptor with enhanced Ad infectivity. 18 Thus, use of a capsid-modified adenoviral vector, in combination with tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) expression, increased the infectivity and cell death of glioma cells compared with unmodified virus. 19 Adenoviral vectors encoding either the extracellular domain of vascular endothelial growth factor receptor-2-Fc fusion protein (Ad-VEGFR2-Fc) alone, soluble endostatin alone or a combination of both were injected in mice bearing U87 intracranial gliomas. The results suggested that systemic delivery and sustained production of endostatin and soluble VEGFR2 could slow by 60-70% intracranial glial tumor growth by both reducing cell proliferation and increasing tumor apoptosis. 20 In contrast to first-generation Ad-TK, second generation high-capacity adenovirus vectors carrying the TK gene induced tumor regression and long-term survival in an intracranial glioma model, even in the presence of systemic antiadenovirus immunity, as could be encountered in patients. 21 Experimental results have demonstrated that marked tumor regression occurred even though a small fraction of cells were infected by the exogenous gene. The cytotoxic effect of infected on noninfected cells is termed the bystander effect. 22 Ad35, a chimeric vector was found to have lower antigenic properties, but increased ability to transfer a gene to primary glioma cells compared with Ad5 depicting it as an interesting candidate vector for gene therapy of malignant glioma. 23 However, although genetic strategies to circumvent Coxsackie-adenovirus receptor deficiency in glioma cells could reproducibly expand the cellular entry mechanisms of Ad vectors in cultured and primary glioma cells, these approaches were insufficient to confer in vivo significant infectivity enhancement over unmodified Ad vectors, suggesting that other factors, such as extracellular matrix, stromal cells and the three-dimensional tumor architecture, have important roles in vivo and interfere with Ad-based gene delivery into gliomas. 24 Invasive tumors, including gliomas, utilize proteinases to degrade extracellular matrix components and diffuse into the adjacent tissues or migrate toward distant ones. In addition, proteinase activity is required for the formation of new blood vessels within the tumor. Levels of the proteinase matrix metalloproteinase-2 are highly increased in gliomas. Downregulation of matrix metalloproteinase-2 through adenovirus-mediated siRNA in gliomas impaired invasion, decreased angiogenesis, induced apoptotic cell death in vitro and suppressed tumor growth of preestablished U-251 intracranial xenografts in nude mice. Thus, specific targeting of matrix metalloproteinase-2 may provide an approach for the treatment of gliomas. 25 Abnormalities of the retinoblastoma tumor suppressor gene are found in the majority of cancers, including at least 30% of malignant gliomas. Earlier studies have suggested that restoration of the wild-type Rb protein in Rb-null cells using an Ad5CMV-Rb results in G1 cell cycle arrest, growth suppression and inability of cells to form tumors in nude mice, indicating that restoration of wild-type retinoblastoma activity may have therapeutic utility. 26 It has been suggested that the targeted expression of tumor suppressor genes such as gas1 (growth arrestspecific 1) and p53 through adenoviral vectors may provide an interesting approach for adjuvant selective glioma gene therapy. 27 Several mutant herpes simplex viruses (HSVs) were reported to be cytotoxic for human glioma cells in vitro and in vivo but normal human astrocytes were two to three times less susceptible. 28 The replication-defective herpes simplex virus type 1 vectors for gene transfer include vectors that were defective for the immediate early (IE) genes ICP4, ICP27 and ICP22, but expressed the IE gene ICP0, which can arrest tumor-cell division, and an IE thymidine kinase (a-tk) gene construct that mediates suicide gene therapy in the presence of ganciclovir. Among these vectors, the recombinant vector NUREL-C2, which expressed both TNF-a and Cx43 along with ICP0 and a-tk was reported to be an attractive candidate for Phase I gene therapy safety studies in patients with recurrent malignant glioblastoma. 29 
Oncolytic viruses
As the replication-deficient viruses showed limited transduction efficiency, replication-competent viruses were developed to maximize the transduction efficiency (Table 1 ). Viral oncolysis, or virotherapy, involves the use of viruses as therapeutic agents to provoke host cell killing through multiplication and spread to adjacent cells. Oncolytic adenoviruses, also called conditionally replicative adenoviruses, can be genetically modified to restrict viral replication only to tumor cells and spare normal adjacent cells. Viral-mediated tumor destruction is propagated through infection of nearby tumor cells, and during each viral cycle, the number of viruses available for infection is multiplied. Designing and production of replication-selective tumor-specific viruses represents a novel approach for the treatment of cancer. ONYX-015 (dl1520) was the prototype for oncolytic adenoviral therapy. The strategy underlying its tumor-selective cell killing was based on deletion of the viral E1B-55 kDa gene, which is crucial for efficient viral replication in normal cells, but dispensable in tumor cells. 30 Another CRAd is the Delta-24 adenovirus that was developed in our laboratory in the late 1990s ( Figure 2 ). Delta-24, carrying a 24-bp deletion in the E1A region responsible for binding Rb protein, could replicate and kill cancer cells, but not normal cells or cancer cells with functional Rb pathway. 31 Comparison of antiglioma activity in vitro and in vivo between Delta-24 and RA55, an E1B-55 kDa mutant adenovirus showed that Delta-24 induced a more potent antiglioma effect in vitro than RA55, indicating that E1A mutant adenoviruses targeting the Rb pathway are more powerful putative agents than E1B mutant adenoviruses. 32 The paucity of Coxsackie adenovirus receptors on tumor cells led to the construction of the Delta-24-RGD, that has an RGD-4C peptide motif inserted into the adenoviral fiber, which allows the adenovirus to anchor directly to integrins. 33 Delta-24-RGD administered in four glioblastoma stem cell lines and xenografts derived from glioma stem cells showed induction of tumor cell death by autophagy both in vitro and in vivo.
34 ICOVIR-5 adenovirus encompasses an early 1A adenoviral (E1A) deletion in the retinoblastoma (Rb) protein-binding region, substitution of the E1A promoter for E2F-responsive elements and an RGD-4C peptide motif inserted into the adenoviral fiber to enhance adenoviral tropism. This virus was reported to show occupancy of the ectopic adenoviral E2F1-responsive elements by the endogenous E2F1 protein resulting in high level of E1A expression in cancer cells and potent antiglioma effect. 35 A conditionally replication-competent Ad5-based vector with the Ad35 fiber shaft and knob domains (Ad5/35) had a potent antiglioma effect suggesting that Ad35-based vectors may be useful for the treatment of glioma. 36 A replication-selective adenovirus (CB1) having a double deletion of the 24 bp Rb-binding region in the E1a gene, and a 903 bp deleted region in the E1b gene that abrogates the expression of the p53-binding E1B-55 kDa protein, exerted a potent anticancer effect in vitro in U-251 MG, U-373 MG and D-54 MG human glioma cell lines. In vivo experiments using intracranially implanted D-54 MG glioma xenografts improved survival of nude mice. 37 Oncolytic HSVs that have been tested in clinical trials have had mutations in HSV g-34.5 and/or ICP 6 genes. Deletion of the g-34.5 gene that has a role in viral virulence causes the HSV-1 virus to be non-virulent in neuronal cells. 38 The ICP 6 gene encodes a viral ribonucleotide reductase that allows HSV replication in quiescent cells, but it is not required for virus growth and DNA synthesis in dividing cells. 39 Thus, the differential effect of the ICP-6 gene in quiescent versus cycling cells provided the rational for use of ICP-6 mutated HSVs in clinical trials with oncolytic virotherapy. The fact that glioma tumors though show only a small percentage of
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Cell lysis 40 Histone deacetylase inhibitors such as valproic acid, are a new class of antineoplastic agents because of their potent activity in growth arrest, differentiation and apoptotic death of cancer cells. Pretreatment with valproic acid improved the propagation and therapeutic efficacy of oncolytic HSV in a human glioma xenograft model in vivo indicating that histone deacetylase inhibitors can improve the efficacy of tumor virotherapies. 41 Valproic acid can also alter the expression of the Coxsackie-adenovirus receptor as it was shown in bladder cancer that exerts an antineoplastic effect by inhibiting invasion as well as tumor growth. 42 
E2F

Oncolytic viruses as gene carriers
To further increase the therapeutic effect of replicating viral vectors, oncolytic viruses have recently been used for high-efficiency transgene expression. The rationale is that the intratumoral propagation of replicative viruses would overcome the low levels of gene transfer achieved by conventional non-replicating viral vectors. Simultaneous delivery of exogenous p53 via Ad5CMV-p53, and Delta-24 adenovirus in glioma cells resulted in an additive effect on cell death, which was independent of the p53 status of cells. These results indicated that Ad5CMV-p53 enhanced the oncolytic effect of the Delta-24 adenovirus.
43 E1 transcomplementation of a replication-competent adenovirus-encoding p53 resulted in dramatic augmentation of cell killing and circumvented resistance to apoptosis obviating the potential utility of therapeutic transgene expression by a replicating adenovirus. 44 Evaluation of AdDelta24-p53 in comparison with its parent Delta-24, showed better efficiency and caused more frequent regression of glioma xenografts. 45 In vivo, combination therapy of radiotherapy with either Delta-24 or AdDelta24-p53 significantly increased the number of mice showing tumor regression (100%) and long-term survival (50%), but no differences between the two viruses were noted, suggesting that exogenous p53 expression did not increase the synergistic interaction of conditionally replicative adenoviruses with radiotherapy. 46 Other modifications of the Delta-24, included addition of the herpes simplex virus type 1 thymidine kinase-green fluorescent protein fusion gene (TK-GFP) encompassing CRAd (Ad5Delta24TK-GFP), that could efficiently penetrate into tumors and cause oncolysis. 47 An oncolytic herpes simplex virus that expressed human tissue inhibitor of metalloproteinases 3 or firefly luciferase showed enhanced antitumor efficacy through multiple mechanisms, including direct cytotoxicity, elevated virus titer and reduced tumor neovascularization. 48 Systemic administration of a modified vaccinia virus carrying three transgenes encoding light-emitting proteins, induced regression of breast tumors in preclinical models and in addition it was possible to monitor the antitumor activity of the virus by optical imaging. 49 
Oncolytic viruses and chemotherapy
Adenoviruses express proteins that downregulate O(6)-methylguanine-DNA methyltransferase, or degrade poly (ADP-ribose) polymerase and Mre11-Rad50-NBS1 complex, which detects DNA strand breaks. The combination of Delta-24-RGD and temozolomide induced a synergistic effect in glioma cells associated with downmodulation of the RNA levels of the DNA-repair enzyme O(6)-methylguanine-DNA methyltransferase, that mediates resistance to temozolomide. 50 Equally, the combination of Delta-24 with irinotecan (CPT-11) showed an enhanced anticancer effect, suggesting that Delta-24 could sensitize glioma cells to the topoisomerase I inhibitor irinotecan. 51 Delta-24-RGD, in combination with everolimus (RAD001), resulted in an enhanced antiglioma effect in vivo via autophagy and increased long-term survival of glioma-bearing animals. 52 Combination of ICOVIR-5 with RAD001 or TMZ showed a potent antiglioma effect both in vitro and in vivo in athymic mice bearing glioma xenografts. 53 Temozolomide enhanced herpes simplex virus oncolysis by upregulating the DNA-repair-related genes growth arrest DNA damage 34 and ribonucleotide reductase. The favorable interactions between viruses and the DNArepair machinery suggest that combining temozolomide with viral therapy may overcome the limitations of a single therapy by counteracting chemoresistance or improved viral oncolysis. 54 A Delta-24 construct (Delta24-hyCD) expressing a humanized form of the saccharomyces cerevisiae cytosine deaminase gene (hyCD) administered intracranially with concomitant 5-fluorocytosine in animals with gliomas showed improved cytotoxicity and animal survival compared with Delta-24 alone. 55 OBP-405, an oncolytic adenovirus regulated by the human telomerase reverse transcriptase promoter (hTERT-Ad, OBP-301) with a tropism modification (RGD) showed a strong antitumor effect on glioblastoma cells mediated by autophagy. Moreover, temozolomide and rapamycin administered in combination with OBP-405 in mice with intracranial gliomas resulted in prolonged survival. 56 The adenovirus d1520, which lacks the E1A 13S protein, replicated efficiently and showed oncolytic potential in multidrug-resistant cells with nuclear localization of the human transcription factor YB-1. Combination of dl520 with the chemotherapeutic agent irinotecan, enhanced nuclear localization of YB-1 and cell death. Similar results were obtained with a combination of dl520 with the histone deacetylase inhibitor trichostatin A, by upregulating Coxsackie virus-adenovirus receptor expression. Interestingly, combining both agents, the replication efficiency and induction of cytopathic effect of dl520 were further augmented indicating that combining virotherapy, chemotherapy and histone deacetylase inhibitor treatment may be an approach to enhance the oncolytic efficacy of dl520. 57 Moreover, combined dl520 and radiotherapy in glioma cell lines in vitro and in human tumor xenografts increased the oncolytic effect of dl520 with enhanced viral replication, viral yield and viral release and inhibited the growth of subcutaneous U373 tumors in a xenograft mouse model via increase of nuclear YB-1.
58
In vitro studies have indicated that G207, a mutant oncolytic HSV, can target glioma cells 59 especially those that survive temozolomide treatment. 60 However, the oncolytic HSV G207 retained the ability of wild-type HSV to increase infected tissue vascularity, which is mediated by reduced thrombospondin-1 and thrombospondin-2 levels and causes delayed tumor growth resumption. The angiogenesis induced by HSV G207 could be counteracted by administering thrombospondin-derived peptides and should be considered when designing oncolytic HSV therapies. 61 Animal studies showed that pre-treatment with cyclophosphamide enhanced the oncolytic effect of an HSV and reduced HSV-mediated increase in CD68 þ and CD163 þ cells. 62 The gene product of HSV Us3 protects virus-infected cells from apoptosis, a cellular pathway frequently dysfunctional in tumors. Us3 deletion confers enhanced tumor selectivity of HSV-1 and because it also provokes Akt activation, it sensitizes cells to phosphatidylinositol 3-kinase-Akt inhibitors during combination therapy. 63 
Clinical trials
Several gene therapy clinical trials have been conducted using various vectors for gliomas (Table 2 ). In a phase I clinical trial, 11 patients with recurrent malignant glioma received escalating doses of Ad.hIFN-b by stereotactic injection. One patient experienced dose-limiting treatment-related grade 4 confusion following the postoperative injection. At the highest doses tested, a reproducible increase in tumor cell apoptosis in posttreatment versus pre-treatment biopsies was observed. 64 Another phase I clinical trial of patients with recurrent glioblastoma treated with adenovirus/herpex simplexthymidine kinase/ganciclovir (ADV/HSV-tk/GC) reported no adenoviral vector shedding, local or systemic toxicity and lack of increased brain edema in the treated patients. Ten of 11 treated patients survived X52 weeks from initial diagnosis with an average survival of 112.3 weeks and one patient surviving over 248 weeks from diagnosis. 65 In a phase I-II trial, both retroviruspackaging cells (PA317/tk) (eight tumors in seven patients) and adenoviruses (Adv/tk) (seven tumors in seven patients) were used for local gene therapy of recurrent malignant glioma. Seven patients received only surgery (controls). Four patients with adenovirus injections had a significant increase in antiadenovirus antibodies including two patients with a short-term fever reaction, and two patients had increased frequency of epileptic seizures, but no other significant adverse events. The mean survival of the control group was 8.3 months.
All gliomas treated with the retrovirus showed progression in 3 months (mean survival 7.4 months), but three of the seven patients treated with Adv/tk remained stable (mean survival 15 months), suggesting that further trials were justified with adenovirus vectors. 66 In a randomized, controlled study in 36 patients with primary or recurrent malignant glioma, 17 patients were randomized to receive AdvHSV-tk (Cerepro) gene therapy by local injection into the wound bed after tumor resection, followed by intravenous ganciclovir and 19 control patients received standard care with radical resection followed by radiotherapy in those patients with primary tumors. AdvHSVtk treatment produced a statistically significant increase in mean survival from 39 to 71 weeks. The treatment was well tolerated and the investigators concluded that AdvHSV-tk gene therapy with ganciclovir is a potential beneficial therapy for primary or recurrent high-grade glioma. 67 In a phase III, multicenter, randomized, controlled trial in 248 patients with newly diagnosed previously untreated glioblastoma multiforme, patients received standard therapy (surgical resection and radiotherapy) or standard therapy plus adjuvant gene therapy during surgery. The gene therapy consisted of retroviral vector-producing cells carrying the HSV-tk gene cDNA followed by intravenous infusion of ganciclovir. Progression-free median survival in the gene therapy group was 180 days compared with 183 days in control subjects. Median survival was 365 versus 354 days, and 12-month survival rates were 50 versus 55% in the gene therapy and control groups, respectively. Thus, the gene therapy improved neither time to tumor progression nor overall survival time, although the feasibility and good biosafety profile of this gene therapy strategy were further supported. 68 However, the failure of this specific protocol, as the authors suggested, may be due to the poor rate of delivery of the HSV-tk gene to tumor cells through the retroviral vector-producing cells. 68 In a recent multicenter clinical trial in 236 patients with malignant gliomas, patients were randomized to receive either standard care (surgery and radiotherapy or surgery and radiotherapy followed by temozolomide chemotherapy), or standard therapy plus Cerepro (one administration by multiple injection into the healthy brain at the end of the tumor resection procedure). In the latest update analysis of this study, median survival and adverse event profile results are in agreement with those of previous studies, 67 showing consistent improved overall survival in patients who received Cerepro compared with standard treatment (www.arktherapeutics.com). Thus, use of adenoviral vectors rather than retroviral vectors could enhance gene delivery to tumor tissues and result in therapeutic benefit.
Systemic administration of gene therapy was tried in a phase I/II trial, which included 11 recurrent glioblastoma patients that received repetitive intravenous administration of NDV-HUJ, the oncolytic HUJ strain of Newcastle disease virus. Toxicity was minimal with grade I/II constitutional fever seen in five patients. NDV-HUJ was recovered from blood, saliva and urine samples and IC, intracranial; GBM, glioblastoma multiforme; TTP, time to progression; MST, median survival time; XRT, radiation therapy; RV, retrovirus; Ad, adenovirus; HSV, herpes simplex virus; TK, thymidine kinase; GC, gancyclovir; NS, not significant. one tumor biopsy. One patient achieved a complete response, suggesting need for further evaluation. 69 Intracranial administration of exogenous p53 gene therapy using an adenovirus vector (Ad-p53, INGN 201), in a phase I clinical trial of 15 recurrent glioblastoma patients showed that the transfected cells resided within 5 mm of the injection site and there was no evidence of systemic viral dissemination. Thus, although toxicity was minimal, the finding that transduced cells were located only within a short distance of the injection site renders this specific therapeutic approach ineffective. 70 Similarly, intratumoral administration of an oncolytic reovirus in a phase I trial in 12 patients with malignant gliomas at third recurrence showed no grade III or IV adverse events, and no therapeutic activity because 10 patients had tumor progression, one had stabilization, and one was not evaluable for response. Median TTP was 4.3 weeks. 71 In a dose-escalation trial of intracerebral injections of ONYX-015 after tumor resection in 24 patients, no serious adverse events related to treatment were noted. The median time to progression was 46 days. One patient had stable disease and one patient showed regression of interval-increased enhancement, but all the other patients had progression. 72 
Stem cells
Gene delivery by embryonic stem cells for malignant glioma therapy is currently under intense research. 73 Stem cell therapy represents a promising therapeutic modality for cancer, based on their potent migratory tropism for malignant cells (Table 1) . It is likely that tumorupregulated VEGF and angiogenic-activated microvasculature may be factors that mediate guidance signals for mesenchymal stem cells (MSC) tropism toward brain tumors. 74 There is evidence that active tumor sites attract exogenous MSCs rendering them attractive as delivery vehicles for various anticancer factors, including cytokines, pro-drugs and replicative adenovirus. 75 MSCs can be derived from bone marrow and they consist of multi-potent stem cells that are capable of differentiating into both mesenchymal and non-mesenchymal lineages. Recent evidence points to the existence of stem cell stores in adult tissues, in addition to the well-known hematopoietic stem cells from bone marrow. Lipoaspirates and dermis represent accessible sources for obtaining stem cells, with minimal discomfort to the donor, and might be promising candidates for cell-therapy procedures once their features are experimentally accessed. 76 Transfer of the gene for interleukin-4 into C57BL6J mouse primary neural progenitor cells and injection into established syngeneic brain glioblastomas led to the survival of most tumor-bearing mice. This gene therapy approach was based on the grafting of neural stem cells (NSC) producing therapeutic molecules. 77 Well-characterized NSC lines (lacZ and/or CD-positive) injected into the tail vein of adult nude mice with established experimental intracranial and/or subcutaneous flank tumors of neural and non-neural origin were localized to various tumor sites with little accumulation in normal tissues. These findings suggested that intravascularly administered NSCs may be an effective delivery vehicle to target invasive tumors of neural and non-neural origin, both within and outside the brain. 78 In general, systemic adenoviral delivery into tumors is inefficient because of liver sequestration of intravenously administered virus. Delivery of a CRAd by human MSCs was 46-fold more efficient than injection of CRAd alone indicating that human MSC migrate and deliver CRAd to distant glioma cells. 79 In addition, NSCs mediated an enhanced intratumoral distribution of a CRAd in malignant glioma when compared with virus injection alone. 80 However, another study showed that adenoviral infection of adipose-derived stem cells, which display the same tropism for gliomas as NSCs, resulted in poor in vivo migration, most likely because of an inflammatory response to these cells, which was not observed with control non-infected adipose-derived stem cells. These results indicated that although adipose-derived stem cells are an interesting candidate for further development of the cell-based therapy of gliomas, adenoviruses are not appropriate vectors for delivery of transgenes with adipose-derived stem cells. 81 Neural stem cells transduced with herpes simplex virusthymidine kinase gene (NSC-tk) that were intracranially implanted in bilateral hemispheres of a C6 rat glioma model, migrated towards C6 cells even when they were implanted in the contralateral hemisphere. When gancyclovir was systemically administered, growth of intracranial tumor was markedly inhibited and the survival was significantly prolonged suggesting that NSC-tk therapy may be suitable for treatment of malignant gliomas that infiltrate and widely disseminate in the brain. 82 Similar results were noted in 9-l glioma-bearing rats after injection of MSCs. In addition, gene-modification of MSCs by infection with an adenoviral vectorencoding human interleukin-2 enhanced the antitumor effect and further prolonged survival. 83 Combination of suppression of miR-21 via locked nucleic acid (LNA)-antimiR-21 oligonucleotides and NSCs expressing a secretable variant of the cytotoxic agent tumor necrosis factor-related apoptosis-inducing ligand (S-TRAIL), led to a synergistic increase in caspase activity and decreased cell viability in human glioma cells in vitro and in vivo. 84 Although TRAIL selectively kills tumor cells, its short half-life, poor delivery and TRAIL-resistant tumor cells have diminished its clinical efficacy. Delivery of TRAIL through an adeno-associated virus vector or via stem cells led to a cell-killing effect in multiple glioma lines. Addition of temozolomide which induced accumulation of cells in G(2)-M phase and increased TRAIL receptor expression, enhanced cell killing and markedly upregulated proapoptotic proteins in glioma cells. 85 Human umbilical cord blood-derived mesenchymal stem cells carrying a secretable trimeric form of TRAIL injected into the tumor mass or the opposite hemisphere of established human glioma in nude mice, showed that MSC-based secretable trimeric form of TRAIL gene delivery had better therapeutic efficacy compared with direct injection of adenovirus encoding the secretable trimeric form of TRAIL gene into the glioma. 86 However, potential detrimental side effects of stem cells must be resolved before their consideration for treatment of human glioma and other cancers. An important issue that needs to be addressed is their safety and to rule out the potential of their neoplastic transformation. Recent research suggested that normal adult glial progenitor cells have the capacity to give rise to gliomas, not only when they express a mitogenic protein but also when they are in the vicinity of other tumor stem cells secreting the mitogenic agent, thus contributing significantly to the heterogeneous mass of cells that compose a malignant glioma. 87 
Concluding remarks
Replication-deficient viruses as gene carriers have revolutionized the study of glioma biology since have attained sufficient gene expression in vitro and in laboratory animals. The relative poor therapeutic effect though led to the development of replication-competent viruses which can be used both as gene delivery vehicles to tumors and in addition independently induce oncolysis and avoid damage of the adjacent normal cells. Similar approach consists of the use of stem cells for more efficient delivery of genetic material to glioma cells. However, since the introduction of these technologies several important technical and safety issues are needed to be resolved before we can see any significant advantage over the standard therapies for gliomas in the clinic. Nevertheless, continuing research in improvement of gene transfer efficiency and stem cell technology may overcome these limitations, and these new therapies may have a significant role in the management of gliomas in the future.
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